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Background: Elevated mammalian target of rapamycin (mTOR) signaling contributes to diabetic complications.
Results: mTOR inhibitor, rapamycin, improves metabolic status and cardiac function, attenuates oxidative stress, and alters
antioxidant and contractile protein expression in type 2 diabetic mice.
Conclusion: Rapamycin may provide metabolic and cardiac benefits in diabetic mice.
Significance: mTOR inhibition may be an attractive novel therapeutic strategy for diabetes-related complications.

Elevated mammalian target of rapamycin (mTOR) signaling
contributes to the pathogenesis of diabetes, with increased mor-
bidity and mortality, mainly because of cardiovascular compli-
cations. Because mTOR inhibition with rapamycin protects
against ischemia/reperfusion injury, we hypothesized that rapa-
mycin would prevent cardiac dysfunction associated with type 2
diabetes (T2D). We also investigated the possible mechanisms
and novel protein targets involved in rapamycin-induced pres-
ervation of cardiac function in T2D mice. Adult male leptin
receptor null, homozygous db/db, or wild type mice were
treated daily for 28 days with vehicle (5% DMSO) or rapamycin
(0.25 mg/kg, intraperitoneally). Cardiac function was moni-
tored by echocardiography, and protein targets were identified
by proteomics analysis. Rapamycin treatment significantly
reduced body weight, heart weight, plasma glucose, triglyceride,
and insulin levels in db/db mice. Fractional shortening was
improved by rapamycin treatment in db/db mice. Oxidative
stress as measured by glutathione levels and lipid peroxidation
was significantly reduced in rapamycin-treated db/db hearts.
Rapamycin blocked the enhanced phosphorylation of mTOR
and S6, but not AKT in db/db hearts. Proteomic (by two-dimen-
sional gel and mass spectrometry) and Western blot analyses
identified significant changes in several cytoskeletal/contractile
proteins (myosin light chain MLY2, myosin heavy chain 6, myo-
sin-binding protein C), glucose metabolism proteins (pyruvate
dehydrogenase E1, PYGB, Pgm2), and antioxidant proteins
(peroxiredoxin 5, ferritin heavy chain 1) following rapamycin
treatment in db/db heart. These results show that chronic rapa-
mycin treatment prevents cardiac dysfunction in T2D mice,
possibly through attenuation of oxidative stress and alteration

of antioxidants and contractile as well as glucose metabolic pro-
tein expression.

Diabetes mellitus (DM)2 is a major metabolic disorder affect-
ing a large population in the United States and across the world.
DM is associated with increased morbidity and mortality, pre-
dominantly as a result of cardiovascular complications such as
coronary artery disease, stroke, peripheral arterial disease, car-
diomyopathy, and congestive heart failure (1). Endothelial dys-
function, proteomic/hormonal alterations, and metabolic dis-
tresses promote the development of diabetic cardiomyopathy
(2). The diabetic heart undergoes structural remodeling to cope
with the underlying changes; however, it ultimately fails
because of deterioration of cardiac contractile force. The
underlying pathological mechanisms of diabetic cardiomyopa-
thy are still poorly understood, although there is accumulating
evidence that the cardiac complications of DM are closely tied
to metabolic disorders including hyperglycemia, hyperlipi-
demia, insulin resistance, impaired calcium homeostasis,
increased oxidative stress, and renin-angiotensin-aldosterone
system activation (3–5).

The serine-threonine kinase mammalian target of rapamycin
(mTOR) serves as an intracellular sensor for energy metabo-
lism, nutrient availability, and stresses and controls cellular
growth and metabolism (6). Its role in regulating metabolic
stress, aging, and cardiovascular diseases has received tremen-
dous interest recently. mTOR interacts with several proteins to
form two distinct complexes named mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2) (7). Both com-
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plexes share the catalytic mTOR subunit, mLST8 (mammalian
lethal with sec-13 protein 8), DEPTOR (DEP domain contain-
ing mTOR-interacting protein), and Tti1-Tel2 complex. In
contrast, the other components in mTORC1 are Raptor (regu-
latory-associated protein of mTOR) and PRAS40 (proline-rich
AKT substrate). mTORC2 has Rictor (rapamycin-insensitive
companion of mTOR) and mSin1 (mammalian stress-activated
MAP kinase-interacting protein 1). The ribosomal protein
p70S6K and 4FBP1 (eukaryotic initiation factor 4E-binding
protein 1) are two downstream targets of mTORC1 (8). Rictor
promotes the activity of mTORC2 by enabling it to phosphor-
ylate AKT at Ser473 (9). We first reported that the mTOR inhib-
itor rapamycin (Sirolimus) induced protection against myocar-
dial ischemia-reperfusion injury indicated by significantly
reduced infarct size and reduction of necrosis and apoptosis
following simulated ischemia-reoxygenation in cardiomyo-
cytes (10). More recently, we showed that rapamycin triggers
unique cardioprotective signaling including phosphorylation of
ERK, STAT3, and endothelial NOS, in concert with increased
Bcl-2 to Bax ratio and inactivation of GSK-3� (11). A previous
study also showed that chronic treatment with the mTOR
inhibitor Rapamune (4 weeks at 2 mg/kg/day, orally) attenuated
chronically established left ventricular hypertrophy and cardiac
fibrosis with preserved contractile function (12). Moreover, a
recent study reported that selective activation of mTORC2 with
concurrent inhibition of mTORC1 decreased cardiomyocyte
apoptosis and tissue damage after myocardial infarction (13).

A persistent activation of mTORC1 signaling occurs in both
genetic and diet-induced animal models of obesity and meta-
bolic disorders in liver (14), skeletal muscle (14, 15), adipose
tissue (16, 17), and heart (18, 19). Because mTOR dysregulation
occurs in type 2 diabetes (T2D) and obesity, there are ongoing
efforts to pharmacologically target mTOR signaling in protect-
ing against diabetic-associated cardiovascular diseases. Sys-
temic administration of rapamycin ameliorates diabetes-in-
duced renal dysfunction and blocks the onset of type 1 and T2D
(20, 21). In addition, several studies show that sirolimus-eluting
stents are highly effective in reducing the risk for major cardiac
events and are safe in diabetic patients with coronary artery
disease (22, 23). Therefore, to investigate the cardioprotective
mechanism of mTOR inhibition in T2D, the present study was
designed to identify novel cardiac protein targets that may
be altered by chronic treatment with rapamycin in a mouse
model. By using an advanced proteomic approach with two-
dimensional differential in-gel electrophoresis (2D-DIGE) and
MALDI-TOF/TOF tandem mass spectrometry, we identified a
number of proteins that are potentially responsible for cardio-
protection and preservation of contractile function following
rapamycin treatment in T2D mice.

EXPERIMENTAL PROCEDURES

Animals—Adult male leptin receptor null, homozygous
db/db mice (strain: BKS.Cg-Dock7m�/�Leprdb/J) and respec-
tive background strain mice (C57BL/6J) were purchased from
Jackson Laboratories (Bar Harbor, ME). The animal experi-
mental protocols were approved by the Institutional Animal
Care and Use Committee of the Virginia Commonwealth Uni-
versity. The animal care and experiments were conducted

under the Guide for the Care and Use of Laboratory Animals for
Biomedical Research published by the National Institutes of
Health (No. 85-23, revised 1996).

Experimental Groups and Treatment Protocol—Twenty
adult (16 –18 weeks) male db/db and corresponding back-
ground C57BL/6J mice were treated daily for 28 days with rapa-
mycin (0.25 mg/kg in 5% DMSO intraperitoneally) or an equiv-
alent volume of vehicle (5% DMSO intraperitoneally as
control). The dose of rapamycin was chosen based on our pre-
vious studies on rapamycin-induced cardioprotection against
myocardial ischemia-reperfusion injury (10, 11). During treat-
ment period, fasting blood glucose levels and body weight were
monitored weekly. Upon completion of treatment, the mice
were anesthetized with pentobarbital sodium (70 mg/kg intra-
peritoneally), and the heart was quickly collected via thoracot-
omy, rinsed free of blood with saline, weighed, immediately
frozen in liquid nitrogen, and stored at �80 °C until further
proteomic experiments or Western blot analysis.

Measurement of Plasma Glucose, Triglycerides, and Insulin—
At the time of sacrifice of the mice (after 4 h of fasting), blood
was collected in a heparinized BD Vacutainer� tube and centri-
fuged at 1,000 � g for 15 min at 4 °C. The clear top yellow
plasma layer was stored at �80 °C until analysis. The plasma
glucose and triglycerides were assayed using commercially
available colorimetric assay kits (Cayman Chemicals, Ann
Arbor, MI). Plasma insulin concentration was measured using
an ultrasensitive mouse insulin ELISA kit (Crystal Chem, Inc.,
Downers Grove, IL).

Proteomic Analysis—The 2D-DIGE and mass spectrometry
protein identification were performed by Applied Biomics, Inc.
(Hayward, CA) following the established protocols as described
in our previous publications (24, 25). In brief, three heart tissues
samples (100 mg) from C57BL control and db/db mice with
DMSO (as control) or rapamycin treatment were sonicated
with 2 ml of two-dimensional cell lysis buffer and centrifuged
for collecting the supernatant. The protein sample (30 �g) was
labeled with 1 �l of CyDye dilution. (Cy2, Cy3, and Cy5; Amer-
sham Biosciences). The CyDyes stock (1 nmol/�l) were diluted
1:5 with dimethylformamide, incubated on ice for 30 min in
dark, followed by addition of 1 �l of 10 mM lysine to stop the
labeling reaction. The labeled samples were mixed with 2�
two-dimensional sample buffer (8 M urea, 4% CHAPS, 20
mg/ml DTT, 2% pharmalytes, and a trace amount of bromphe-
nol) followed by addition of 100 �l of destreak solution (GE
Healthcare) and rehydration buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 20 mg/ml DTT, 1% pharmalytes, and a trace amount of
bromphenol blue). The sample was loaded into a 13-cm immo-
bilized pH gradient strip (pH 3–10, Linear; GE Healthcare/Am-
ersham Biosciences), and isoelectric focusing was run under
dark. Subsequently, the immobilized pH gradient strips were
incubated in 10 ml of equilibration buffer 1 (50 mM Tris-HCl,
pH 8.8, 6 M urea, 10 mg/ml DTT, 30% glycerol, 2% SDS, and a
trace amount of bromphenol blue) for 15 min, followed by incu-
bation in 10 ml of equilibration buffer 2 (50 mM Tris-HCl, pH
8.8, 6 M urea, 45 mg/ml iodacetamide, 30% glycerol, 2% SDS,
and a trace amount of bromphenol blue) for 10 min. The immo-
bilized pH gradient strips were transferred into 12% SDS gel
and subjected to electrophoresis at 15 °C. Each gel was scanned
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immediately following SDS-PAGE using Typhoon Trio scanner
(Amersham Biosciences). The scanned images were then
analyzed by Image QuantTL software (GE Healthcare) and then
subjected to in-gel analysis and cross-gel analysis using
DeCyder software version 6.5 (GE Healthcare). The change in
ratio of differential protein expression was obtained from in-gel
DeCyder software analysis. Quantitative comparisons were
then made between two individual samples for each of the three
possible combinations. The pairwise volume ratios (i.e., C57
versus db/db, C57 versus db/db RAPA, and db/db versus db/db
RAPA) were calculated for each protein spot and used to deter-
mine relative protein expression. The selected spots were
picked up by Ettan Spot Picker (GE Healthcare) following the
DeCyder software analysis and spot picking design. The
selected protein spots were subjected to in-gel trypsin diges-
tion, peptide extraction, and desalting, followed by MALDI-
TOF/TOF to determine the protein identity (24, 25).

Western Blot Analysis—To confirm the results of 2D-DIGE,
we performed Western blots to assess the expression levels of
selected proteins, particularly the antioxidants and contractile
and glucose metabolism proteins. Total soluble proteins were
extracted from whole heart tissue with 1 ml of lysis buffer con-
taining 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM

Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophos-
phate, 1 mM �-glycerophosphate, 1 mM Na3VO4, 1 �g/ml leu-
peptin, 0.2 mM PMSF, and halt protease and phosphatase inhib-
itor mixture (Thermo Fisher Scientific Inc., Rockford, IL). The
homogenate was centrifuged at 14,000 � g for 15 min under
4 °C, and the supernatant was recovered. Protein (50 �g) from
each sample was separated by SDS-PAGE and transferred onto
nitrocellulose membrane. The membrane was incubated with
primary antibody at dilution of 1:1,000 for each of the respec-
tive proteins, i.e., p-mTOR (Ser2448), mTOR, p-S6 (Ser235/236),
S6, p-AKT (Ser473), AKT (Cell Signaling Technology, Danvers,
MA), ferritin heavy chain, pyruvate dehydrogenase (PDH) E1�,
PYGB, SOD2, myosin light chain 2 (MLY-2), myosin heavy
chain 6� (MHC6�), Actin, GAPDH (Santa Cruz Biotechnol-
ogy, Dallas, TX), and peroxiredoxin 5 (PRX-5; Proteintech
Group, Inc., Chicago, IL). The membrane was washed and incu-
bated with horseradish peroxidase-conjugated secondary anti-
body (1:2,000 dilutions) for 1 h at room temperature. The blots
were developed using a chemiluminescent system (ECL Plus;
Amersham Bioscience) and subsequently exposed to Kodak
film. The optical density of the protein bands were quantified
using ImageJ software.

Measurement of Cardiac Function by Echocardiography—
Cardiac contractile function was measured before and after
treatment with rapamycin using the Vevo 770TM imaging sys-
tem (VisualSonics, Inc., Toronto, Canada). A 30-MHz probe
was used to obtain two-dimensional, M-mode, and Doppler
imaging from parasternal short axis view at the level of the
papillary muscle and the apical four-chamber view (26). Left
ventricular (LV) wall thickness, LV end systolic and end dia-
stolic diameters, fractional shortening, and ejection fraction
were calculated using Vevo analysis software (version 2.2.3).

Measurement of Oxidative Stress—Oxidative stress was
measured by determining the glutathione levels in the myocar-
dium using glutathione assay kit (BioVision, Mountain View,

CA) according to the manufacturer’s protocol. Briefly, cardiac
tissue (60 mg) was homogenized in ice-cold glutathione assay
buffer, and then 60 �l of the homogenate was added to the tube
containing 20 �l of perchloric acid (6 N) and incubated in ice for
5 min. The sample was centrifuged at 13,000 � g at 4 °C for 2
min, and supernatant was collected for glutathione assay. The
sample was neutralized with 3 N KOH and incubated with a
fluorescence probe, o-phthalaldehyde for 40 min at room tem-
perature. o-Phthalaldehyde reacts with GSH and generates
fluorescence, which was detected at 340/420 nm (excitation/
emission) using a fluorescence plate reader. The total glutathi-
one was measured by adding a reducing agent that converts the
oxidized glutathione (GSSG) to GSH. To measure GSSG spe-
cifically, a GSH quencher was added to remove GSH, and the
reducing agent was added to destroy excess quencher and to
convert GSSG to GSH. The GSH, GSSG, and total glutathione
concentration were determined using standards curve of
GSH.

Lipid Peroxidation Assay—Lipid peroxidation in heart was
assayed by measuring malondialdehyde (MDA) and 4-hy-
droxynonenal using a lipid peroxidation assay kit (BioVision)
according to the manufacturer’s protocol. Briefly, the hearts
were homogenized in MDA lysis buffer and then centrifuged at
13,000 � g for 10 min. Supernatant (200 �l) was incubated with
thiobarbituric acid (600 �l) at 95 °C for 60 min in an Eppendorf
tube. The solution was cooled down to room temperature, 200
�l of each reaction solution were transferred to a microplate,
and absorbance was read at 532 nm.

Statistical Analysis—The differences between groups were
analyzed with one-way analysis of variance followed by Stu-
dent-Newman-Keul’s post hoc test for pair-wise comparison.
Probability value of p � 0.05 was considered statistically signif-
icant. All measurements are expressed as means � S.E.

RESULTS

Effect of Rapamycin on Metabolic Status—There were no sig-
nificant changes in body weight, heart weight, plasma glucose,
and triglyceride levels between control (DMSO-treated) and
rapamycin-treated C57 mice during treatment periods (Fig. 1).
The db/db mice had significantly higher body weight, ratio of
heart weight to tibia length, plasma glucose, triglyceride, and
insulin level as compared with the nondiabetic control C57
mice. Body weight was significantly reduced following the sec-
ond week of rapamycin treatment in db/db mice as compared
with db/db control (Fig. 1, A and B). The ratio of heart weight to
tibia length was significantly higher in db/db mice compared
with nondiabetic C57 mice. Although rapamycin treatment did
not alter the ratio of heart to tibia length in nondiabetic C57
mice, it prevented the increase in heart weight/tibia length
observed in db/db mice (Fig. 1F). Similarly, after 28 days of the
treatment with rapamycin, the db/db mice showed a significant
decrease in fasting plasma glucose (Fig. 1C), triglyceride (Fig.
1D), and insulin levels (Fig. 1E) as compared with the control
nontreated db/db mice.

Effect of Rapamycin on Cardiac Function—Rapamycin treat-
ment did not alter cardiac function in C57 mice (Fig. 2). The
hearts from db/db mice exhibited significant defect in cardiac
function as noted by reduction of fractional shortening (37.3 �
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1.5%) and ejection fraction (68.8 � 1.8%) as compared with the
nondiabetic C57 control mice (fractional shortening, 48.3 �
0.3%; ejection fraction, 78.7 � 1.9%) (p � 0.05) (Fig. 2, G and H).
However, rapamycin treatment significantly improved cardiac
function (fractional shortening, 49.4 � 1.7%; ejection fraction,
80.0 � 2.5%) (Fig. 2, G and H). Although LV end diastolic diam-
eter did not change between groups, LV end systolic diameters
were significantly increased in db/db mice (2.0 � 0.1%) as com-
pared with C57 control (1.4 � 0.1%) and db/db-rapamycin-

treated mice (1.6 � 0.2%) (Fig. 2, E and F). No differences in
heart rate were observed between any of the groups.

Effect of Rapamycin on Phosphorylation of mTOR, S6, and
AKT—The phosphorylation of mTOR, ribosomal protein S6,
and AKT were significantly enhanced in the hearts of db/db
mice as compared with nondiabetic C57 mice (Fig. 3, A–D).
Rapamycin treatment completely blocked the enhanced phos-
phorylation of mTOR and S6 in diabetic hearts. However, AKT
phosphorylation in the nondiabetic C57 and diabetic db/db

FIGURE 1. Effect of chronic treatment of rapamycin on the metabolic parameters. A, body weight of C57 (wild type) and db/db mice during 4 weeks of
treatment with RAPA (0.25 mg/kg/day, intraperitoneally). B–F, values were determined after 4 weeks of treatment with rapamycin. B, body weight. C, plasma
glucose. D, triglyceride. E, insulin levels. F, ratio of heart weight to tibia length.
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mice was not significantly altered after rapamycin treatment
(Fig. 3, A and D).

Role of Autophagy in Diabetic Heart—The cardiac expression
of Beclin in C57 mice was increased following rapamycin treat-
ment (Fig. 4, A and B). The expression of Beclin was also
increased significantly in db/db mice as compared with C57 mice.
However, rapamycin treatment further enhanced its expression in
diabetic heart (Fig. 4, A and B). The ratio of LC3-II to LC3-I
increased in the heart of C57 and db/db mice following rapamycin

treatment, although this increase was not significant as compared
with the nontreated control C57 or db/db (Fig. 4, A and C).

Detection of Rapamycin-induced Alterations in Cardiac Pro-
tein Expression—Following the 2D-DIGE and SDS-PAGE pro-
cedures, the scanned images from each gel were subjected to
in-gel analysis to determine the protein differential expression.
Quantitative pairwise comparisons of the protein volume ratios
for each protein spot were made among the three treatment
conditions (i.e., nondiabetic C57 versus db/db or db/db � rapa-

FIGURE 2. Cardiac function following 4 weeks of treatment with rapamycin. Cardiac function of C57 and db/db mice was assessed following 28 days of
RAPA treatment by echocardiography. A, anterior wall diastolic thickness (AWDT). B, anterior wall systolic thickness (AWST). C, posterior wall diastolic thickness
(PWDT). D, posterior wall systolic thickness (PWST). E, left ventricular end diastolic diameter (LVEDD). F, left ventricular end systolic diameter (LVESD). G,
percentage of fractional shortening (FS). H, percentage of ejection fraction (EF).
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mycin and db/db versus db/db � rapamycin). Fig. 5A shows a
representative overlay image for in-gel comparison between the
proteins in hearts from db/db (labeled in green dye) and db/db �
rapamycin (labeled in red dye) mice. The numbered circles rep-
resent a total of 96 protein spots that are differentially
expressed among the three groups. From these prominently
identified spots, we further selected 30 protein spots that were
significantly altered by rapamycin treatment (i.e., the ratio of
fold, RAPA � db/db versus db/db heart greater than �1.5) for
protein identification using MALDI-TOF/TOF tandem mass
spectrometry. Fig. 5B shows representative DeCyder three-di-
mensional images highlighting the substantial differences in

protein abundance of PYGB (Spot# 12) between db/db and
db/db � rapamycin mouse hearts.

As summarized in Table 1, among the 21 positively identified
protein spots in the heart, 18 were significantly up-regulated
(�1.5-fold), and three other spots were significantly down-reg-
ulated in rapamycin-treated db/db mice. To understand the
functional significance of these proteins, we grouped them
according to their relevant biological functions under four cat-
egories (Table 1). The first group comprises mitochondrial
antioxidant enzymes: PRX-5 and ferritin heavy chain 1. PRX-5
was enhanced 6.48-fold in the hearts of db/db mice as com-
pared with the WT C57. Moreover, it was further augmented by

FIGURE 3. Phosphorylation level of mTOR, S6, and AKT in heart following 28 days of treatment with rapamycin. A, representative immunoblots of
phospho-mTOR, mTOR, phospho-S6, S6, phosphor-AKT, and AKT in hearts of C57 and db/db mice following 28 days of RAPA treatment. B–D, densitometric
analysis of the ratios of p-mTOR to mTOR (B), p-S6 to S6 (C), and p-AKT to AKT (D).
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rapamycin treatment. Another antioxidant protein, ferritin
heavy chain 1, was also increased by 1.59-fold in hearts of db/db
mice as compared with the C57 mice. Rapamycin treatment
further increased its levels in the db/db heart. The second group
includes four cytoskeletal/contractile proteins, in which three
myosin family members (i.e., myosin light polypeptide 2 (MLC-
2), cardiac myosin-binding protein C (cMyBP-C), and myosin
heavy polypeptide 6� (MHC6�)) were differentially affected by
rapamycin treatment. The expression of nebulette was induced
in rapamycin-treated diabetic heart. The third group has three
proteins that play role in glucose metabolism. Two of these
proteins (Pgm2 and PYGB) were induced, whereas the third one,
PDH E1�, was reduced by rapamycin in the db/db heart (Table 1).
Finally, the fourth group comprised 12 proteins with various cel-

lular functions, of which hemoglobin �, carbonic anhydrase I and
II, �-fetoprotein, fibrinogens, pantothenate kinase 4, and prolyl-4-
hydroxylase � were significantly up-regulated, whereas heat shock
protein �-7 was reduced by rapamycin.

To confirm the 2D-DIGE results, the expression of six pro-
teins with known functional significance were examined by
Western blots. These proteins included antioxidant enzymes
(ferritin heavy chain 1, PRX-5) (Figs. 6 and 7), contractile pro-
tein (MLC-2 and MHC�6) (Fig. 8), and metabolic protein (PDH
E1� and PYGB) (Fig. 9). Western blots confirmed the induction
of antioxidant proteins ferritin heavy chain 1 (Fig. 6) and PRX5
(Fig. 7) in the rapamycin-treated db/db hearts as compared with
control db/db. The antioxidant protein, SOD2 level did not alter
significantly in db/db hearts as compared with nondiabetic hearts

FIGURE 4. Expression of Beclin and LC3 in heart following 28 days of treatment with rapamycin. A, representative immunoblots of Beclin and LC-3 in
hearts of C57 and db/db mice following 28 days of RAPA treatment. B–E, densitometric analysis of the ratios of Beclin to GAPDH (B), ratios of LC3 II to LC3 I (C),
LC3 I to GAPDH (D), and LC3 II to GAPDH (E).
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with/without rapamycin treatment; however, rapamycin signifi-
cantly induced it in hearts of C57 mice (Fig. 7, A and B). MLC-2
was significantly induced in the db/db hearts as compared with
nondiabetic hearts (Fig. 8, A and B); even though the proteomic
analysis reported conflicting effects of rapamycin on the expres-
sion of this protein, Western blot confirmed a significant reduc-
tion of MLC-2 expression and induction of MHC�6 in the rapa-
mycin-treated db/db hearts as compared with control db/db
hearts (Fig. 8, A–C). Moreover, the alteration of metabolic protein
PDH E1� and PYGB, detected by 2D-DIGE proteomic analysis,
was confirmed by Western blots (Fig. 9).

Effect of Rapamycin on Oxidative Stress—The cardiac levels
of GSSG, reduced form (GSH), the total glutathione, and the
GSH/GSSG ratio were not changed significantly in rapamycin-
treated C57 mice as compared with the control C57 mice (n �
4; Fig. 10, A–C). GSSG level was significantly enhanced in the
hearts of db/db as compared with the control C57 mice (p � 0.05,
n � 4; Fig. 10B). Rapamycin treatment reduced GSSG level in the
db/db hearts (Fig. 10B). The GSH level was slightly lower in db/db
hearts, but total glutathione were not significantly altered between
the groups (Fig. 10, A and C). However, the ratio of GSH/GSSG
was significantly reduced in db/db hearts as compared with non-

FIGURE 5. Scanned images of the two-dimensional gels. A, overlay image for gel comparison between heart from db/db (labeled in green dye) and heart from
db/db mouse treated with RAPA for 28 days (labeled in red dye). The circled and numbered protein spots (30 spots in total 96 spots with a cutoff ratio of 1.5 for
alteration in protein expression among the three treatment options) are subsequently isolated from the gels and identified by MALDI-TOF/TOF mass spec-
troscopy. B, representative three-dimensional DeCyder software integrated graph showing difference in PYGB (spot 12) between db/db and db/db � RAPA-
treated mice.
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diabetic hearts. Treatment with rapamycin significantly restored
the ratio of GSH to GSSG (p � 0.001 versus C57 and db/db, n � 4),
indicating the attenuation of oxidative stress in T2D hearts (Fig.
10D). Similarly, the product of lipid peroxidation, MDA, also
remained unaltered in the nondiabetic C57 hearts following rapa-
mycin treatment (n � 4; Fig. 10E). However, MDA was signifi-
cantly increased in db/db hearts as compared with nondiabetic

C57 hearts (p � 0.001, n � 4), which was also attenuated by rapa-
mycin treatment in T2D hearts (Fig. 10E).

DISCUSSION
In the present study, we investigated the effect of mTOR

inhibitor, rapamycin, on cardiac function in T2D mice and
determined the associated changes in protein expression. For

FIGURE 6. Effect of rapamycin on the expression of ferritin heavy chain in the heart. A, representative immunoblots of ferritin heavy chain 1 and actin in
hearts of C57 and db/db mice following 28 days of RAPA treatment. B, densitometric analysis of the ratio of ferritin heavy chain 1 to actin.

TABLE 1
The effects of chronic RAPA treatment on the cardiac proteins of type 2 diabetic mice
The following 21 positively protein spots were identified by proteomic analysis with 2D-DIGE and MALDI-TOF/TOF, which are differentially expressed among the three
groups (wild-type control C57, db/db, and db/db � RAPA). The data are listed according to the high to low fold change ratio of protein abundance between db/db and db/db
RAPA hearts. The cutoff ratio of change was �1.5.

Protein name
2D-DIGE

spot
Molecular

mass
(db/db)/wild-type

C57 ratio
(db/dbRAPA)/(db/db)

ratio
RAPA
effect

kDa
Antioxidant proteins

Peroxisomal membrane protein 20 (peroxiredoxin 5) 89 17.0 6.481 1.711 Induced
Ferritin heavy chain 1 86 21.1 1.591 1.571 Induced

Cytoskeletal/contractile proteins
Myosin, light polypeptide 2 83 18.9 2.061 1.982 Reversed
Myosin, heavy polypeptide 6� 1 223.4 1.362 1.811 Reversed
Nebulette 13 101.1 1.091 1.781 Induced
Myosin-binding protein C 7 140.5 1.622 1.501 Reversed

Glucose metabolism proteins
Pgm2 33 63.4 1.402 2.241 Induced
Pyruvate dehydrogenase E1� 59 43.2 1.021 1.712 Reduced
PYGB 11,12 67.0 1.01, 1.032 1.7, 2.71 Induced

Proteins with other functions
�-Fetoprotein 25 47.2 1.322 3.091 Induced
Fibrinogen-� 41,42 49.3 1.841, 1.112 2.22, 2.081 Induced
Fibrinogen-� 36 63 1.492 2.381 Induced
Fibrinogen-� 39,40 54.7 1.322, 1.31 1.86, 2.351 Induced
Carbonic anhydrase I 75 28.3 1.381 1.961 Induced
Carbonic anhydrase II 72 29 1.031 2.21 Induced
Hemoglobin-� 94 15.6 1.791 1.991 Induced
Heat shock protein �-7 87 18.6 1.341 1.922 Reduced
Serine (or cysteine) proteinase inhibitor 26 46.6 1.812 1.92 Reduced
Transferrin 19 76.6 1.432 1.551 Induced
Pantothenate kinase 4 18 86.3 1.022 1.521 Induced
Prolyl 4-hydroxylase � 27 58.9 1.852 1.51 Induced
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the first time, our results show that chronic treatment with low
dose rapamycin (0.25 mg/kg/day, intraperitoneally) improves
the metabolic status of diabetic mice with significant reduction
in plasma glucose, insulin, and triglyceride levels (Fig. 1). Fur-

thermore, our results demonstrate that rapamycin treatment
prevents cardiac dysfunction (Fig. 2), attenuates oxidative
stress (Fig. 10) and alters the expression of antioxidant and con-
tractile proteins in T2D mice (Figs. 6 –9).

FIGURE 7. Effect of rapamycin on the expression of SOD2 and PRX-5 proteins in the heart. A, representative immunoblots of SOD2, PRX-5, and GAPDH in
hearts of C57 and db/db mice following 28 days of RAPA treatment. B and C, densitometric analysis of the ratios of SOD2 to GAPDH (B) and PRX-5 to GAPDH (C).

FIGURE 8. Effect of rapamycin on the expression of myosin light chain-2 and myosin heavy chain �6 proteins in the heart. A, representative immuno-
blots of MLC-2, MHC�6, and GAPDH in hearts of C57 and db/db mice following 28 days of rapamycin treatment. B and C, densitometric analysis of the ratios of
MLC-2 to GAPDH (B) and MHC�6 to GAPDH (C).
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Rapamycin preferentially inhibits mTORC1, although recent
studies show that chronic treatment with the drug also inhibits
mTORC2 (27, 28). Chronic treatment with the 8-fold higher
dose of rapamycin (2 mg/kg/day) has been shown to impair
whole body insulin sensitivity by disrupting mTORC2 and
blocking the ability of mTORC2-AKT to inhibit hepatic gluco-
neogenesis (27). Therefore, a well controlled cardioprotective
dose (0.25 mg/kg/day) (10, 11) and/or a more selective
approach toward mTORC1 inhibition (without disrupting
mTORC2) may be necessary for the treatment of diabetes-in-
duced cardiovascular disease. Interestingly, our results show
that rapamycin inhibits the T2D-enhanced phosphorylation of
mTOR and S6 ribosomal protein (downstream target of
mTORC1) in the heart, without interfering with phosphoryla-
tion of AKT (Ser473, target of mTORC2) (Fig. 3).

Previous studies have shown that myocardial autophagy is
elevated in a murine model of T2D, which is correlated with
plasma insulin and glucose levels as well as myocardial tissue
insulin resistance (29, 30). However, other studies reported that
diabetes did not increase the extent of autophagy in the heart
following persistent ischemia (32, 33). By blocking the inhibi-
tory effect of mTOR, rapamycin induces autophagy and pro-
tects cardiomyocytes from oxidative stress-induced toxicity
(31). In the present study, the expression of Beclin was
increased in diabetic heart, which was further enhanced follow-
ing rapamycin treatment (Fig. 4). However, the autophagic
marker, i.e., the ratio of LC3-II to LC3-I, did not change signif-
icantly following rapamycin treatment in both C57 and db/db
hearts (Fig. 4). These results are consistent with previous stud-
ies showing mTORC1-regulated autophagy is resistant to inhi-
bition by rapamycin in mammalian cells (34 –36). Thus it

appears that autophagy may not be significantly regulated by
rapamycin treatment in the diabetic heart.

Our results also show that rapamycin treatment attenuates
cardiac dysfunction in T2D mice, possibly by modifying con-
tractile protein expression. Studies in humans and animal mod-
els of DM have demonstrated abnormal myofilament function
(37) and impaired excitation-contraction coupling (38), which
may depress myocardial function. Because diabetes is associ-
ated with a differential expression of myosin isozymes in the
heart (39, 40), we utilized a proteomic approach with 2D-DIGE
and MALDI-TOF/TOF-tandem mass spectrometry and iden-
tified four cytoskeletal/contractile proteins in db/db mouse
hearts that were significantly altered after chronic treatment
with rapamycin (Table 1). We found a coordinated down-reg-
ulation of a key contractile/cytoskeletal protein, MHC6�, in the
db/db hearts, but up-regulation of MLC-2 (Table 1 and Fig. 8).
Interestingly, chronic rapamycin treatment reversed the
alteration of the cardiac expression of myosin isozymes. We
also identified that the expression of cMyBP-C, a regulatory
myofilament protein associated with the thick filament, is sig-
nificantly reduced in T2D hearts (Table 1). Our data are con-
sistent with reduced expression of MHC6� and MyBP-C in the
hearts of diabetic mice (41) and rats (42). Previous studies
reported that mutations in the MyBP-C gene frequently cause
hypertrophic cardiomyopathy (43, 44), whereas its absence
(cMyBP-C null mice) significantly attenuated cardiac function
(45). Contractile abnormalities were also found in myosin-
binding protein C (Mybpc3)-targeted knock-in mice with sig-
nificant reduction in the cardiac expression of cMyBP-C (46).
Interestingly, in the present study, rapamycin treatment
enhanced the expression of cMyBP-C and also a thin filament-

FIGURE 9. Effect of rapamycin on the expression of pyruvate dehydrogenase E1� and PYGB proteins in the heart. A, representative immunoblots of
pyruvate dehydrogenase E1�, PYGB, and GAPDH in hearts of C57 and db/db mice following 28 days of RAPA treatment. B and C, densitometric analysis of the
ratios of pyruvate dehydrogenase E1� to GAPDH (B) and PYGB to GAPDH (C).
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associated protein, nebulette (Table 1). Nebulette encodes a
sarcomeric Z-disk protein that contributes to muscle force gen-
eration via its interaction with actin and cardiac tropomyosin-
troponin complex, and participating in force transmission of
the cardiac myofibril via the Z-disk assembly (47). Transgenic
mice with cardiomyocyte-restricted expression of human
mutant nebulette develop dilated cardiomyopathy at 6 months
of age (48). Although rapamycin is a mTORC1 inhibitor, it
potently inhibits only the phosphorylation of S6K, but not
4E-BP1 and cap-dependent translation, in mammalian cells
(35, 36, 49). Therefore, rapamycin may not completely inhibit
protein synthesis in the mammalian system. Alteration of con-
tractile proteins after rapamycin treatment could be regulated
by modification of other inhibitory proteins or other small mol-
ecules, such as microRNAs. Future investigations are needed to
address this issue.

Increased production of reactive oxygen species in the dia-
betic heart is a contributing factor in the development and the
progression of diabetic cardiomyopathy (50). Strategies that
either reduce reactive oxygen species or augment myocardial
antioxidant defense mechanisms have been shown to be effica-
cious in reducing diabetes-induced myocardial dysfunction
(51–54). To study the effect of rapamycin in T2D-induced oxi-

dative stress, we determined the levels of glutathione, a marker
of oxidative stress. Our results show that GSSG was increased
in the hearts of db/db mice, with a slight decline in GSH, as
compared with the nondiabetic wild type mice (Fig. 10). Inter-
estingly, rapamycin treatment reduced GSSG levels in the
db/db mice and significantly reversed the decrease in GSH/
oxidized glutathione ratio. The lipid peroxidation product
MDA was also reduced in the T2D hearts following rapamycin
treatment. However, rapamycin treatment did not alter cardiac
level of GSH/oxidized glutathione or MDA in nondiabetic C57
mice, suggesting that the antioxidant effect of rapamycin is
functional only under high oxidative stress in the diabetic heart.
It is interesting that the previous studies also documented
the antioxidant-like effect of rapamycin in different organs.
For instance, this drug protects the mitochondria against
oxidative stress and apoptosis in a rat model of Parkinson
disease (55), improves endothelial function (56) and vascular
contractility (57), and protects human corneal endothelial
cells (58) by reducing oxidative stress. The potent antioxi-
dant-like effect of rapamycin in T2D hearts suggests that this
drug may have complimentary benefit in addition to
mTORC1 inhibition for protection against myocardial dys-
function in T2D mice.

FIGURE 10. Effect of chronic rapamycin treatment on oxidative stress. A, GSH. B, GSSG. C, total glutathione. D, the ratio of GSH/GSSG level. E, MDA levels in
hearts of C57 and db/db mice following RAPA treatment.
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In the present study, the proteomic results identified the mito-
chondrial antioxidant enzyme PRX-5, which was enhanced in the
diabetic heart, as compared with wild type heart. Interestingly,
PRX-5 was further augmented following chronic rapamycin
treatment (Table 1). We also confirmed its expression follow-
ing rapamycin treatment in the diabetic heart by Western blot
analysis (Fig. 7). PRXs are distributed in the cytosol, mitochon-
dria, peroxisomes, and plasma and reduce hydrogen peroxide
(59). Human mitochondrial PRX-5 protects from mitochon-
drial DNA damage induced by hydrogen peroxide (60). Our
results also show the induction of SOD2 following rapamycin
treatment in nondiabetic heart (Fig. 7). However, the expres-
sion of SOD2 was higher in T2D heart as compared with wild
type mice and did not increase further after rapamycin treat-
ment. The enhanced expression of SOD2 and PRX-5 in db/db
hearts appears to be an adaptive response to oxidative stress
associated with this T2D model. These results suggest that
rapamycin treatment reduced oxidative stress in diabetic heart
by augmenting the expression of PRX-5, but not SOD2.

Another powerful strategy to overcome reactive oxygen spe-
cies toxicity is to limit the cellular availability of transition met-
als, most notably iron (61). Iron in the heme is necessary for the
transport, binding, and release of oxygen and is essential to
organism survival. However, it also donates electrons for the
generation of superoxide radicals and participates in Fenton
and Haber-Weiss reactions leading to formation of hydroxyl
radical (61– 63). An excess of free iron must be detoxified by
sequestration in ferritin, the major intracellular iron storage
protein (64). Ferritin has a high capacity to store free iron and
serves to sequester and detoxify excess iron by oxidizing Fe(II)
to Fe(III). It consists of two different subunits, ferritin heavy
chain (FHC) and light chain. Only the FHC subunit has ferroxi-
dase activity. A decrease in the abundance of FHC increases the
levels of iron deposition and oxidative stress, which leads to
cardiomyocytes cell death in failing hearts following ischemia
or pressure overload (63). For the first time, we identified the
induction of FHC in T2D mice as compared with nondiabetic
mice, which was further intensified following rapamycin treat-
ment (Table 1). Western blot confirmed rapamycin-mediated
induction of FHC in diabetic heart (Fig. 6). Transferrins are
iron-binding glycoproteins that also control the level of free
iron in biological fluids. Transferrin imbalance, particularly its
deficiency, can have serious health effects including the heart
failure. In the present study, transferrin was also increased in
the rapamycin-treated diabetic hearts. Taken together, these
data suggest that rapamycin inhibits oxidative stress by
increased expression of the antioxidant enzymes as well as iron-
regulating proteins in the diabetic heart.

The proteomic study identified the alteration of three pro-
teins involved in glucose metabolism following rapamycin
treatment in the T2D hearts (Table 1). Pgm2 catalyzes the con-
version of glucose 1-phosphate to the glycolytic intermediate
glucose 6-phosphate. Although Pgm2 was reduced in the db/db
hearts, we observed its complete recovery following rapamycin
treatment. PDH E1�, which transforms pyruvate into acetyl-coA,
did not change in the db/db hearts as compared with nondia-
betic hearts but was significantly reduced following rapamycin
treatment (Table 1 and Fig. 9). Chronic inhibition of PDH with

the cardiac-specific overexpression of pyruvate dehydrogenase
inhibitor, pyruvate dehydrogenase kinase 4, triggered an adapt-
ive metabolic response in MHC-PDK4 transgenic mice (65).
MHC-PDK4 transgenic mice were also resistant to high fat
diet-induced cardiomyocyte lipid accumulation and also exhib-
ited normal functional recovery after myocardial ischemia-rep-
erfusion injury. This adaptive metabolic reprogramming is
involved with the activation of AMP-activated protein kinase
and the transcriptional co-activator, PGC-1�. The proteomic
results also showed that rapamycin treatment significantly
induced PYGB proteins (Table 1). The alterations of PDH E1�
and PYGB were confirmed by Western blot analysis (Fig. 9).

We also identified the induction of carbonic anhydrase I and
II (CA I and CA II) in T2D hearts following rapamycin treat-
ment (Table 1). CA catalyzes CO2 hydration and the reverse
reaction between H� and HCO3

� ions, which helps in the main-
tenance of intracellular pH (66, 67). CA II deficiency in humans
is an autosomal recessive disease characterized by renal tubular
acidosis, osteopetrosis, cerebral calcification, and growth retar-
dation (68, 69). However, previous studies reported that CA II
promotes cardiomyocyte hypertrophy and its inhibition reverts
hypertrophy (70, 71). Further studies are required to under-
stand the specific function of CA in rapamycin-treated diabetic
hearts.

CoA is an essential cofactor for many metabolic pathways,
including the major energy-producing pathways in the heart
(72). Pantothenate kinase catalyzes pantothenic acid to CoA.
Because insulin is a strong inhibitor of CoA synthesis, the CoA
level was increased in diabetic hearts (73), which can also
inhibit pantothenate kinase (72). Our proteomic approach
revealed the induction of pantothenate kinase 4 in the rapamy-
cin-treated T2D hearts (Table 1). However, the level of panto-
thenate kinase 4 was not altered in control db/db hearts as
compared with nondiabetic heart. Similarly, we identified the
induction of few other proteins in the rapamycin-treated T2D
heart, i.e., �-prolyl 4-hydroxylase, �-hemoglobin, �-fetopro-
tein, and fibrinogens. Heat shock protein �-7 and serine pro-
teinase inhibitor were reduced in the rapamycin-treated T2D
hearts.

In the present study, we observed rapamycin-induced reduc-
tion in body weight, plasma glucose, triglyceride, and insulin
levels in the db/db mice. However, rapamycin did not alter body
weight and metabolic parameters or improve cardiac function
in nondiabetic C57 mice. Even though these results would sug-
gest that reduced body weight and improved metabolic status
might have contributed to improved cardiac function with
rapamycin treatment in diabetic mice, the proteomic data
revealed that rapamycin altered contractile proteins, metabolic
proteins, and antioxidant proteins only in the diabetic hearts.
Therefore, body weight reduction or metabolic improvement
may not be the sole reason for improvement of cardiac function
with rapamycin treatment in diabetic mice. It has also been
reported recently that long term administration of rapamycin
to female db/db mice diminished obesity, without affecting
food intake, and improved whole body insulin sensitivity (74).
However, this phenotypic alteration following rapamycin treat-
ment was not noticed in nondiabetic mice (db/�). It was sug-
gested that the concurrent inhibition of leptin and mTOR sig-
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naling causes beneficial effects in rapamycin-fed db/db mice in
terms of fat utilization and insulin signaling.

In summary, our results provide direct evidence that mTOR
inhibition with rapamycin significantly improved the metabolic
status as well as cardiac function in T2D mice. Rapamycin treat-
ment also reduced oxidative stress and induced changes in sev-
eral cytoskeletal/contractile proteins including MLY2, myosin
heavy chain 6, myosin-binding protein C, glucose metabo-
lism proteins (pyruvate dehydrogenase E1, PYGB, Pgm2),
and antioxidant proteins (peroxiredoxin 5, ferritin heavy
chain 1) that provide novel insights into the critical mecha-
nisms by which rapamycin improves cardiac function in the
T2D hearts. Based on these results, we propose that low dose
rapamycin treatment may be a promising therapeutic
modality in overcoming metabolic abnormalities and pre-
vention of diabetic cardiomyopathy.
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